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and	 intensity	 is	 lacking.	We	test	on	a	pantropical	 scale	whether	TCs	shape	 the	
structure	of	tropical	and	subtropical	forests	in	the	long	term.











the	 relationships	 between	 PDI	 and	 basal	 area	 or	 canopy	 height	 were	 partially	
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1  | INTRODUC TION
Tropical	cyclones	(TCs),	also	referred	to	as	hurricanes	in	the	Atlantic	
and	 Northeast	 Pacific	 and	 typhoons	 in	 the	 Northwest	 Pacific,	





physical	 environment”	 (White	&	Pickett,	 1985).	Due	 to	 their	 large	
footprints	(TCs	signatures	extend	over	hundreds	of	kilometres	and	
their	tracks	cover	thousands	of	km,	see	Chan	&	Chan,	2015;	Knaff,	
Longmore,	 &	 Molenar,	 2014)	 and	 high	 intensity	 (sustained	 wind	
speeds	of	 up	 to	300	km/hr),	 TCs	 can	 cause	 extensive	damages	 to	













&	 Chan,	 2015;	 Schreck,	 Knapp,	 &	 Kossin,	 2014).	 Therefore,	 on	 a	
pantropical	 scale	 forests	 may	 experience	 TC	 disturbance	 regimes	
ranging	from	infrequent	TCs	to	frequent	and	intense	TCs	(Figure	1).	
through	defoliation	and	tree	mortality,	encouraging	higher	regeneration	and	turn-
over	of	biomass.	The	projected	 increase	 in	 intensity	and	poleward	extension	of	
tropical	cyclones	due	to	anthropogenic	climate	change	may	therefore	have	impor-
tant	and	lasting	impacts	on	the	structure	and	dynamics	of	forests	in	the	future.
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On	a	 landscape	scale,	 the	TC	 impacts	vary	with	 topographical	ex-
posure	 and	 other	 abiotic	 and	 biotic	 factors	 (e.g.,	 Basnet,	 Likens,	












Everham	 &	 Brokaw,	 1996;	 Franklin,	 Drake,	 McConkey,	 Tonga,	 &	
Smith,	2004;	Metcalfe	et	al.,	2008;	Turton,	2008;	Zimmerman	et	al.,	
1994).	 The	 gaps	 and	 defoliation	 generate	 space	 and	 allow	 more	
light	penetration	on	 the	 forest	 floor,	 enhancing	 regeneration	 (e.g.,	
Bellingham,	 Tanner,	 &	 Healey,	 1995;	 Turner	 et	al.,	 1998;	 Uriarte	
et	al.,	2004;	Whitmore,	1974).
Because	 TCs	 tend	 to	 disproportionally	 affect	 big	 trees	 and	
encourage	 regeneration	 (Beard	 et	al.,	 2005;	 Everham	 &	 Brokaw,	
1996;	Franklin,	2007;	Hjerpe,	Hedenas,	&	Elmqvist,	2001;	Murphy,	
Metcalfe,	Bradford,	&	Ford,	2014;	Murphy	et	al.,	2008;	Roth,	1992),	
forests	 affected	by	 frequent	 cyclones	would	be	expected	 to	have	





&	 Lugo,	 2007).	 Furthermore,	 stem	 density	 increased	with	 TC	 fre-
quency	 in	 lowland	 rainforests	 of	 five	 South	 Pacific	 archipelagos	
(Keppel	et	al.,	2010),	and	was	higher	in	Neotropical	dry	forests	that	
experienced	TCs	 in	 the	 last	25	years	compared	to	 regions	with	no	
TCs	(Gillespie,	Zutta,	Early,	&	Saatchi,	2006).	However,	a	pantropical	


















area	and	canopy	height),	 relative	 to	other	climatic	variables	 (mean	
annual	 temperature	 [MAT]	 and	water	 availability)	 and	 human	 dis-
turbances	(human	foot	print	index)	that	are	known	to	affect	forest	
structure	 (e.g.,	 Klein,	 Randin,	 &	 Körner,	 2015;	Moles	 et	al.,	 2009;	








2  | MATERIAL S AND METHODS
2.1 | Structural features
We	compiled	the	 location,	stem	density	 (number	of	stems	per	ha),	
basal	 area	 (the	 total	 cross	 section	 area	 in	m2/ha,	which	 is	 a	 good	
proxy	of	above‐ground	biomass;	e.g.,	Slik	et	al.,	2010),	maximum	size	
(maximum	DBH,	diameter	at	breast	height,	cm),	mean	canopy	height	
(m)	 and	maximum	height	 for	 plants	with	 stem	diameter	≥10	cm	at	
~1.3	m	above	 the	base	 (DBH)	 from	published	 inventories	 for	plots	
≥0.1	ha	 in	 size	 (Ibanez	et	al.,	2018).	Relevant	 literature	was	 identi-
fied	using	key	word	searches	in	ISI	Web	of	Science	(https://webof-
knowledge.com/)	 and	Google	 Scholar	 (http://scholar.google.com/).	
Our	 final	 dataset	was	derived	 from	88	 scientific	 papers	published	
between	1983	and	2017.	Montane	 forest	plots	 (as	defined	by	 au-
thors	 of	 source	 data,	 i.e.,	 “pre‐montane,”	 “lower‐montane,”	 “mon-










the	 1981–2016	 period	 from	 the	 IBTrACs	 database,	 an	 exhaus-
tive	 and	 global	 database	 (https://www.ncdc.noaa.gov/ibtracs/,	
see	Knapp	et	al.,	2010).	We	assumed	 these	values,	derived	 from	
a	35‐year	period,	 to	be	 representative	of	 the	 relative	TC	 regime	
in	different	regions	over	the	Holocene	on	a	global	scale.	Although	




&	 Reichart,	 2014;	 Nott	 &	 Forsyth,	 2012;	 Toomey,	 Donnelly,	 &	
Woodruff,	2013).	Instead,	global	patterns	of	TCs	across	different	
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regions	vary	less	on	a	centennial	scale	but	respond	more	strongly	
to	major	 changes	 in	 global	 climate	over	 longer	 time‐scales,	 such	
as	 the	Pliocene	glaciations	 (e.g.,	Yoo,	Galewsky,	Camargo,	Korty,	
&	Zamora,	2016).
The	 IBTrACs	 database	 provides	 information	 on	 the	 position,	
maximum	sustained	wind	speed	and	translation	speed	(an	indicator	






gitude	 (≈12,345	km2	 at	 the	equator,	Figure	1),	 the	energy	 released	
by	 TCs	 was	 computed	 as	 the	 power	 dissipated	 by	 friction	 in	 the	






















tion	 (MAP),	annual	potential	 transpiration	 (PET)	and	a	water	avail-
ability	index	as	MAP‐PET.	MAP	and	MAT	where	extracted	from	the	
WorldClim	 2.0	 database	 (http://www.worldclim.org/version2,	 Fick	



































We	 used	 multivariate	 linear	 regressions	 to	 test	 the	 relative	
importance	 of	 PDI	 and	 other	 relevant	 parameters;	 MAT,	 water	
availability	 (MAP‐PET)	 and	 human	 disturbances	 (HFP).	 Response	
variables	describing	the	structure	of	forests	were	log‐transformed	
to	 increase	 normality	 (Figure	S1.3).	 Because	 basal	 area	 and	maxi-


























703	±	194	 stems	 per	 ha,	 respectively,	 in	 regions	 experiencing	 less	
than	one	TC	per	decade.	In	contrast,	basal	area	did	not	differ	signifi-
cantly	between	 the	 three	cyclone	 frequency	classes	 (low,	medium	
and	high)	for	both	dry	and	humid	forests.	The	canopy	of	humid	for-





positively	 correlated	 to	 stem	density	 and	basal	 area	 (Table	1).	 PDI	
together	 with	 MAT	 explained	 14%	 of	 stem	 density	 variance,	 but	
had	no	significant	effect	basal	area	 (Table	1	and	Figure	3).	Canopy	
height	 had	 a	 significant	 positive	 relationship	 with	 water	 availabil-
ity	 and	 a	 significant	 negative	 relationship	 with	 human	 foot	 print.	
Water	 availability	 was	 significantly	 lower	 (−177.7	±	626.65	mm	 vs.	
700.6	±	1,030.1	mm;	Wilcoxon	rank	test	p	<	0.001,	Figure	S1.4)	and	
the	 human	 footprint	 significantly	 higher	 (12.1	±	9.1	 vs.	 8.0	±	6.4;	
Wilcoxon	rank	test	p	<	0.01,	Figure	S1.5)	in	dry	forests	compared	to	
humid	forests.
















of	 total	 variation	 in	 stem	 density	 and	 canopy	 height	 respectively	
(Figure	3).	MAT	was	 the	other	 significant	 predictor.	 Together	with	
PDI	it	explained	17%	and	9%	of	total	variance	of	stem	density	and	
basal	area	(Table	1).	PDI	had	positive	relationships	with	stem	density,	
while	MAT	had	positive	 relationships	with	 stem	density	 and	basal	
area.	Canopy	height	tended	to	increase	with	water	availability	which	
explained	together	with	PDI	33%	of	the	observed	variance.	Within	







TA B L E  1  Best	multivariate	linear	regressions	explaining	structural	features	in	tropical	forests	overall	and	in	humid	and	dry	forest	
separately
Forest types Structural features N Model ranks
Coefficient estimate and significance Model performance
PDI MAT MAP-PET HFP R2 AICc
Both Stem	density 245 1 0.10*** −0.08*** 0.14 119.24
2 0.10*** −0.08*** 0.01 0.14 121.24
Basal	area 229 1 −0.09*** 0.05† 0.06 191.88
2 −0.08** 0.05 192.92
3 −0.08** 0.05 −0.01 0.06 193.44
4 0.01 −0.08** 0.05† −0.05† 0.06 193.77
Canopy	height 78 1 0.12* 0.19*** −0.20*** 0.32 93.08
2 −0.06 0.10 0.19*** −0.18** 0.33 94.02
3 −0.09† 0.18*** −0.16** 0.30 94.52
Humid Stem	density 201 1 0.08** −0.09*** 0.17 74.03
2 0.08** −0.09*** 0.02 0.17 75.50
Basal	area 190 1 −0.09*** 0.08 119.41
2 0.04 −0.09*** 0.09 119.63
3 −0.09*** 0.03 0.08 120.68
4 0.04 −0.09*** 0.02 0.09 121.17
Canopy	height 51 1 −0.15*** 0.07† 0.33 23.42
2 −0.13** 0.06 0.07† 0.36 24.05
3 −0.15*** 0.29 24.10
4 −0.13** 0.06 0.31 24.90
Dry Stem	density 44 1 0.13* 0.11 39.65
2 0.11† 0.13 0.15 40.64
3 0.18 0.07 41.28
Basal	area 39 1 0.18† −0.15* 0.17 44.39
2 45.13
3 −0.10 0.07 45.38
4 0.10 0.04 46.32
Canopy	heighta 27 1 −0.22 0.12 25.62
2 25.79
3 −0.09 0.10 26.10
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relatively	 uncommon	weather	 events	 (about	 80–90	 TCs	 per	 year,	
see	Schreck	et	al.,	 2014;	Maue,	2011).	We	show	 for	 the	 first	 time	
that	stem	density	and	canopy	height	are	significantly	related	to	the	
frequency	 of	 and	 energy	 released	 by	 TCs	 in	 a	 globally	 consistent	
way.	Furthermore,	our	results	indicate	that	these	relationships	were	
most	pronounced	for	stem	density	and	for	humid	forests,	which	are	
not	 limited	 by	 water	 availability	 and	 are	 less	 impacted	 by	 human	
disturbances	 (based	 on	 lower	 human	 foot	 print)	 than	 dry	 forests.	
Therefore,	forecasted	changes	in	the	intensities,	sizes	and	trajecto-
ries	of	TCs	are	likely	to	have	important	impacts	on	the	structure	of	
tropical	 and	 subtropical	 forests	 (Kossin,	 Emanuel,	&	Vecchi,	 2014;	
Mei,	Xie,	Primeau,	McWilliams,	&	Pasquero,	2015).
Our	results	explained	a	considerable	proportion	of	the	variation	















Zimmerman	et	al.,	 1994).	This	 results	 in	 increased	 light	 availability	
for	 several	 years	 in	 the	 undergrowth	 (Bellingham,	 Tanner,	 Rich,	&	
Goodland,	 1996;	 Lin	 et	al.,	 2011;	 Luke,	McLaren,	&	Wilson,	 2014;	
Turton,	1992),	creating	suitable	conditions	for	regeneration	and	the	





from	 TC‐prone	 forests	 suggest	 that	 such	 forests	 may	 experience	
higher	 turnover	 and	 quicker	 dynamics	 than	 forests	 not	 or	 rarely	
affected	by	 these	disturbances	 (Swenson	et	al.,	2012;	Webb	et	al.,	
2011).
Given	 that	 TCs	 are	 known	 to	 trim	 forest	 canopies	 to	 lower	
heights	(Brokaw	&	Grear,	1991;	Lin	et	al.,	2011),	the	moderate	effect	
of	TCs	on	canopy	height	may	seem	surprising.	Our	results	suggest	
that	 canopy	 height	 first	 depends	 on	 hydraulic	 limitation	 and	 then	
by	mechanical	pruning	by	intense	TC	winds,	as	canopy	height	of	dry	
forest	 (with	 MAP‐PET	 being	 on	 average	 −177.7	±	626.7	mm)	 was	
less	than	half	that	of	humid	forest	(with	MAP‐PET	being	on	average	
700.6	±	1,030.1	mm).	This	is	in	the	line	with	recent	global	analyses	
showing	 canopy	 height	 to	 increase	 with	 water	 availability	 (Klein	
















et	al.,	 2016)	 or	Dominica	 (Thomas,	Martin,	 &	Mycroft,	 2015),	 have	
lower	 growth	 in	 height	 relative	 to	 diameter.	 These	 changes	 in	 tree	
allometry	 could	 result	 from	 repeated	pruning	of	 crown	 tips	by	TCs	











ical	 distribution	 of	 TCs	 due	 to	 anthropogenic	 climate	 change	 are	
therefore	 likely	 to	 impact	 the	 structure	 and	 dynamics	 of	 affected	
forests.	While	the	influence	of	global	warming	on	TCs	remains	un-
certain	(Walsh	et	al.,	2016),	there	is	an	emerging	consensus	that	TCs	
will	 increase	 in	 intensity	 (Christensen	 et	al.,	 2013;	 Kang	 &	 Elsner,	
2015;	Mei	et	al.,	2015),	 attain	unprecedented	 sizes	and	 intensities	
(Lin	&	Emanuel,	2016;	Mei	et	al.,	2015),	and	expand	their	trajecto-





experience	 changes	 in	 species	 composition	 (Keppel	 et	al.,	 2010;	
Webb	et	al.,	2011)	and	increased	vulnerability	to	drought	and	other	




than	 TC	 are	 impacting	 forest	 structure.	 This	 relationship	 could	
be	 the	 result	 of	 selective	 tree	 removal	 by	 humans	 or	 edge	 ef-
fects	 related	 to	 fragmentation	 (Laurance,	Delamonica,	Laurance,	
Vasconcelos,	&	Lovejoy,	2000;	Lindenmayer,	Laurance,	&	Franklin,	
2012).	While	 these	 potential	 causes	 are	 purely	 speculative,	 it	 is	
well	documented	that	 forests	are	being	degraded	and	destroyed	
at	 alarming	 rates	 (Crowther	 et	al.,	 2015;	Hansen	 et	al.,	 2013).	 A	
direct	anthropogenic	influence	on	forest	structure	(and	hence	dy-
namics)	is	further	supported	by	the	effects	of	the	human	foot	print	










TCs	may	 have	 a	 stronger	 effect	 on	 canopy	 height	 than	water	 avail-
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